Preincubation at 0 C considerably increased the bactericidal action of 0.4% nonanoic and decanoic acids on Escherichia coli K-12 154. This lethal effect seemed to be dependent on the media used to grow the bacteria. Stationaryphase cells were more sensitive than those from exponential cultures. A mutant (FA31) resistant to the bactericidal action of "cold shock" and 0.4% decanoic acid was isolated from E. coli FA23 (an E. coli 154 derivative able to grow on 0.1% decanoic acid) by a recycling selection procedure. Other E. coli strains tested showed behavior similar to that of strain K-12 154. The chilling of cells as a tool to improve the bactericidal action of fatty acids in foods is discussed.
Preincubation at 0 C considerably increased the bactericidal action of 0.4% nonanoic and decanoic acids on Escherichia coli K-12 154 . This lethal effect seemed to be dependent on the media used to grow the bacteria. Stationaryphase cells were more sensitive than those from exponential cultures. A mutant (FA31) resistant to the bactericidal action of "cold shock" and 0.4% decanoic acid was isolated from E. coli FA23 (an E. coli 154 derivative able to grow on 0.1% decanoic acid) by a recycling selection procedure. Other E. coli strains tested showed behavior similar to that of strain K-12 154. The chilling of cells as a tool to improve the bactericidal action of fatty acids in foods is discussed.
Fatty acids are used as antimicrobial food additives (1) . The growth of gram-negative and -positive bacteria is inhibited by fatty acids (2, 3, 5, (8) (9) (10) (11) , the latter group being more sensitive to the fatty acid action (3, 10) . The presence of a lipopolysaccharide layer, which typically surrounds the walls of gram-negative organisms, is suggested to be involved in the resistance to long-chain fatty acids (10) . In Escherichia coli, the extent of growth inhibition by fatty acids is dependent on many variables, among which are the chain length of the added fatty acid and the culture medium in which the bacteria were grown (J. P. Fay and R. N. Farfas, J. Gen. Microbiol., in press). In this work we show that a cold pretreatment of cells greatly increases the bactericidal effect of some fatty acids on E. coli, and we suggest that this fact could be helpful in finding optimal conditions for the use of these compounds as preservatives for foods.
(This work is part of a thesis submitted by J.P.F. to the Faculty of Biochemistry, Chemistry, and Pharmacy, National University of Tucuman, San Miguel de TucumAn, Argentina.)
MATERIALS AND METHODS Organisms. The following E. coli strains were used: K-12 154 Kfr thi-col VR IR (6); K-12 Ml Hfr C prototrophic; K-12 C600 thr-leu-thi-T, lacstr-; B prototrophic; C prototrophic. In addition, two E. coli strains were isolated from human feces: 05sB, (isolated from diarrhea and carrying the capsular antigen B) and TU (isolated from feces of a healthy person and negative for the capsular antigen B). Abbreviations used are: thi, thiamine; thr, threonine; leu, leucine; col VR, col IR, T,R, and StrR, resistance to colicins V and I, phage T,, and streptomycin, respectively; lac, fermentation of lactose.
Isolation of mutant FA31. Like other parental strains of E. coli, 154 is unable to grow on decanoic acid as the sole source of carbon. A spontaneous mutant, FA23, able to grow on 0.1% decanoic acid, was previously isolated from strain 154 to allow the subsequent isolation of mutant FA31. A suspension of midexponential-phase E. coli FA23 in M9 buffer was cooled for 45 min at 0 to 4 C; it took 3 to 5 min for the suspension to reach this temperature in an ice bath. Then, 0.4% decanoic acid was added. After the addition, the turbidity and viability of the suspension were markedly decreased. The remaining viable cells were harvested, washed once with M9, and resuspended in the same buffer. A 1/10 dilution of this suspension was used as the inoculum into fresh glucose medium and subsequently grown to midexponential phase again. The cells were harvested, washed once with M9 medium, resuspended in the same medium, and chilled as indicated above. The chilling, decanoic acid treatment, growth in glucose, resuspension in M9, etc., were repeated until the turbidity of suspensions was not modified by fatty acid addition. Ten transferences were necessary, and the whole procedure was called "recycling selection." Several colonies were then isolated onto nutrient agar plates containing 0.4% decanoic acid, and the bacteria from these colonies were evaluated in the cooling and decanoic acid treatment tests. In E. coli FA31 the genetic markers of E. coli 154 were not modified.
Fatty acids. All fatty acids were used without further purification. Commercial sources were: Eastman Organic Chemicals, Rochester, N.Y., for the butyric, valeric, hexanoic, heptanoic, and nonanoic and decanoic acids; Sigma Chemical Co., St. Louis, Mo., or Fluka Chemiske Fabrik, Buchs, Switzerland, for the undecanoic, lauric, tridecanoic, miristic, pentadecanoic, and palmitic acids; E. Merck AG, Darmstadt, for the oleic acid.
Fatty acids were classified according to their chain length as: short (C4 and C5), medium (C6 to Cll), and long (C12 on) chain (8) .
Media and culture conditions. Cells were grown either in nutrient broth (Oxoid Ltd., London) or in synthetic medium M9 containing, in addition to a carbon source, 1.5% (vol/vol) Triton X-100 (The Rohm and Hass Co., Philadelphia). The detergent was added to disperse the fatty acids (when present), and in all media it was used to allow comparisons. M9 medium contained: NH4Cl, 1.0 g; NaCl, 0.5 g; MgSO4 7H2O, 0.25 g; KH2PO4, 3.0 g; and Na2HPO4, 6 g, per liter of distilled water. The pH values of the media were 6.7 to 7.0. The following carbon sources were added at 0.5% (wt/vol): glucose, succinate, acetate, and Casamino Acids (vitamin free) (Difco Laboratories, Detroit, Mich.).
Cells were grown at 37 C in a New Brunswick gyratory shaker, model G-25. Culture flasks (50 ml) containing 10 ml of medium were used for studying growth characteristics. The media were inoculated with cell suspensions grown in the same media up to midexponential phase (unless otherwise specified), at an initial turbidity of between 0.020 to 0.050 optical density units (13) , and change the physical state of the membrane in such a manner that it temporarily becomes more permeable (4). The "cold shock" experiments imply that some permeability damage, which may not necessarily be lethal, occurs to bacteria when chilled. Differences in the growth environment, such as in growth temperature and culture medium, can alter the killing effect of cold shock on E. coli (G. Houghtby and J. Liston, Bacteriol. Proc., p. 19, 1965). Under our experimental conditions practically no lethal effect was observed after chilling the bacteria at 0 C.
In a previous paper (Fay and Farias, J. Gen. Microbiol., in press), the inhibitory effect of saturated fatty acids with 4 to 13 carbon atoms and of oleic acid on E. coli K-12 154 in an exponential growth phase was tested in five different culture media. In all media, the addition of 0.4% (wt/vol) medium-chain fatty acids (C6 to Cll) produced a variable lag phase and, in some cases (depending on the chain length of the fatty acids), an increase in the doubling time. The short-(C4 to C5) and long-chain (C12 on) fatty acids only affected the doubling time, no lag phase being present.
Fatty acids at 0.4% maintained their inhibitory behavior when added at 0 C, but in the case of C9 and C10 the cooling caused a greater increase in the inhibition phase in all media. This point is investigated in detail in the present work. Figure 1 In both cases, after the addition the cultures were again put into the shaker at 37 C. Cultures with (@) and without (0) fatty acid addition. Behavior of other E. coli strains treated with decanoic acid after chilling. Some experiments were carried out with selected E. coli strains other than K-12 154 in an attempt to find a general response of this bacteria when cooled and submitted to decanoic acid action. All strains showed the lethal effect of chilling on the action of 0.4% decanoic acid, suggesting that this behavior could be a general fact at least in E. coli (Fig. 2) . To allow visual comparison of the results obtained with E. coli B, C, and O,,B,, a reduced scale was used on the right hand side of Fig. 2 . At 37 C these bacteria were much more affected by decanoic acid than the other E. coli strains tested. Figure 2 also shows the behavior of E. coli mutant FA31, which was obtained from E. coli FA23 by "recycling selection" (see Materials and Methods). This mutant is able to withstand the action of 0.4% decanoic acid after cold treatment of cells. The mechanism of this resistance deserves further study and is being investigated by our group.
Cold treatment and the use of fatty acids as antimicrobial food additives. In 1946 Spector studied the inhibitory effect of the fatty acid mixture from butter fat and corn oil on growth E coli strains   FIG. 2 . Effect of 0.4% decanoic acid on viability of several E. coli strains previously grown in 0.5% glucose + 1.5% Triton X-100. Preincubations were carried out at 37 C (O) and 0 C (E). Experimental conditions were as described in Table 3 and vitamin production by E. coli (12) . A recent report has indicated the convenience of using lipophilic acids instead of other antimicrobial food additives, such as nitrites and sulfites (3). Freese et al. (3) studied the mechanism of inhibition by lipophilic acids in Bacillus subtilis and E. coli and indicated that the growth of these bacteria were affected at different fatty acid concentrations. For instance, a concentration of decanoic acid about 50 times greater than what was necessary to inhibit B. subtilis growth was necessary to do the same in E. coli. Thus, as gram-negative cells are only slightly sensitive to fatty acid inhibitory effects, we think that the enhancement of this effect by means of such a simple method as chilling may be useful for researching food additives with stronger antimicrobial action.
